To determine whether resegmentation of somites forms the axial skeleton, we traced the development of the rostral and the caudal half of a somite during skeletogenesis in chick-quail chimeras by replacing the rostral or caudal half of a newly formed chick somite with that of a quail somite. The rostral half-somite transplant formed the caudal half of the vertebral body, the entire spinous process and the distal rib, while the caudal half-somite transplant formed the rostral half of vertebral body, the rostral half of spinous process, the vertebral arch, the transverse process and the entire rib. These ®ndings con®rm the resegmentation theory except the spinous process and the distal rib. q
Introduction
Somites are segmental structures clearly appearing ®rst during development in vertebrates, despite claims that a metameric structure exists in the segmental plate before segmentation (Meier, 1984) . Somites give rise to vertebrae and ribs, as well as muscles and dermis (reviewed by Tam and Trainor, 1994; Christ et al., 1998) . One important issue in vertebra development is the relationship between somite and vertebral segments. Since the resegmentation theory on the morphogenesis of vertebrae was proposed by Remak (1855) , controversy has surrounded it. This theory states that a somite re-segments to become the rostral and caudal halves and then the rostral half fuses with the caudal half of the rostrally adjacent somite, and the caudal half fuses with the rostral half of the caudally adjacent somite. It has been supported by a number of descriptive studies (human: Bardeen, 1905; Sensenig, 1949; seagull, ostrich: Piiper, 1928; mouse: Dawes, 1930; chick: Williams, 1942 ; prairie deer-mouse: Sensenig, 1943) , as well as one by von Ebner (1888), who found the von Ebner ®ssure that divides the sclerotome into two halves and who named the theory`Neugliederung', or new-segmentation.
Experimental studies further substantiated the resegmentation of the somite. Clonal analysis of the origin of vertebrae using allophenic mice showed that a vertebra originates from at least four clones that might correspond to each half-somite (Moore and Mintz, 1972) . To investigate the developmental fate, somites have been labeled using retro virus (Ewan and Everett, 1992) , the chick-quail chimera system (Aoyama and Asamoto, 1988; Bagnall et al., 1988) , peanut lectin (Bagnall and Sanders, 1989) and the¯uorescent dye DiI (Bagnall, 1992) . Their results supported the view that the derivative of a somite gives rise to parts of two successive vertebrae in the way predicted by the resegmentation theory.
Nevertheless, some studies have argued against the resegmentation theory. Following Baur's critical argument (Baur, 1969) based on his observation on the development of the vertebral column in various vertebrates including chameleons, golden hamsters, mice, humans, ringed snakes, chickens and lizards, Verbout criticized the theory based on his analysis of literature (Verbout, 1976) and his extensive observations on sheep embryos (Verbout, 1985) . His main argument can be summarized as follows. The derivatives of the sclerotome should be classi®ed into two parts, the lateral part forming the vertebral arch and the ribs, and the axial part forming the vertebral body around the notochord. In the axial part, the sclerotome cells do not form any segmental structure, but rather a uniform perichordal tube, which then segments to develop the vertebral bodies at de®nite sites. In these ®nal stages of the segmentation process, no resegmentation is observed. Dalgleish (1985) supported Verbout's criticism based on his observations on cell growth patterns in the perichordal tube in mouse embryos obtained by autoradiography. Further, laterally, somite cells form metameric condensations called arcocostal triangles that give rise to the vertebral arch and the ribs, with no resegmentation.
From this point of view, the above-mentioned experimental studies are not necessarily suf®cient to support the resegmentation theory. Tracing the development of one somite (Bagnall et al., 1988) or even of three consecutive somites (Aoyama and Asamoto, 1988 ) using chick-quail chimeras does seem to be suf®cient. However, it is not clear where the resegmentation boundary is. It could divide, for example, mediolaterally rather than rostrocaudally. In fact, Stern and Keynes (1987) argue against the resegmentation theory based on their results of transplantation of quail somite halves into chick embryos. They found that both the rostral and the caudal half of a somite contributed to the same tissues in the chimeras. A more convincing way to clearly demonstrate resegmentation might be to trace the developmental fate of each part of a somite.
The ribs, another component of the axial skeleton, were once thought to be derived from the lateral plate (Straus and Rawles, 1953) , but there is a consensus today that they are derived exclusively from somites (Seno, 1961; Pinot, 1969; Christ et al., 1974; Chevallier, 1975) . Are the ribs formed through the resegmentation of somites? Huang et al. (1996) showed that a somite gave rise to the caudal part of one rib and the rostral part of the rib adjacent to it, by transplanting a quail thoracic somite into the correspondent portion in a chick embryo, coinciding with the resegmentation theory. However, this case is also the same as of the vertebrae.
In this study, to investigate the developmental fate of the rostral and the caudal half of a somite in the morphogenesis of vertebrae and ribs, we produced quail-chick chimeras (Le Douarin, 1969 , 1973 by replacing the rostral or caudal half of a newly formed somite. Quail cells from the graft in the chimera were detected with the quail cartilage speci®c monoclonal antibody, QCR1 (Aoyama et al., 1992) . Such a natural quail cell marker in the chick-quail chimera system has an advantage over other markers such as vital dye staining which is so diluted by cell proliferation that it is dif®cult to pursue cell lineage through its development. However, the operation frequently results in abnormal morphogenesis in the chimera, which causes us dif®culty in interpreting the results. The chimeric axial skeletons reported here showed some abnormalities in their morphology. However, we found that the abnormal chimeric vertebral columns appeared when the grafts contained a putative resegmentation boundary of a somite. That is, a graft nearly equal to but not greater than half a somite could almost form a normal vertebral column.
The deduced pattern of the contribution of each halfsomite in the formation of vertebrae suggested that the somites should resegment to form the vertebral body and that the neural arch was formed mainly of the caudal half of the somite, except the lamina, although the origin of the spinous process is still unclear. Moreover, the distribution pattern of quail cells in the ribs of chimeras suggests that the proximal part of the ribs originate solely from caudal halfsomites and the rest of the ribs originate from both the rostral and the caudal half. Thus we con®rmed the resegmentation theory in the formation of the vertebrae and the ribs, except the spinous process region.
Results
The most caudal newly formed thoracic somite was isolated from a quail embryo and was cut into halves transversally through an approximate equatorial plane (Fig. 1A) . Each half was transplanted into a chick embryo that was deprived of the corresponding somite half at the thoracic level (Fig. 1B,C) . The grafts were transplanted in keeping with their original rostrocaudal orientation, which could be Fig. 1 . Diagram of the operation. A newly formed thoracic somite was isolated from a quail embryo of about 2 days old and was cut in half (A). Rostral and caudal half-somites were transplanted into individual chick embryos that had the corresponding half of the thoracic somite removed (B,C). We analyzed the development of the transplants only when both chimeras with each half-somite of a somite survived for 7 days after the operation.
recognized because of their hemispheric shape, but they oriented randomly along other axes. We expected this type of transplantation to cause the least amount of malformation in the morphogenesis of the axial skeleton, since the dorsoventral axis of the somite has not been determined at this stage (e.g. Gallera, 1966; Jacob et al., 1974; Aoyama and Asamoto, 1988; Aoyama, 1993) . On the other hand, the rostrocaudal axis has been determined at this stage and controls the later morphogenesis of the axial skeleton (Aoyama and Asamoto, 1988) . . Quail cells were stained immunohistochemically using monoclonal antibody QCR1 speci®c to quail cartilage (arrows in B±D). In the chimera with the quail rostral half-somite (A,C), quail cells were not found in the transverse process (A), but in the caudal half of the vertebral body (C). In the chimera with the caudal half-somite of a quail embryo (B,D), quail cells were found in the transverse process (B) and the rostral half of the vertebral body and the head of rib (D). Bar: 1 mm (A±D). Few host chick cells were in the mass of quail cells and vice versa, which is more clearly seen at higher magni®cation (E and F for C and D, respectively). Bar: 100 mm (E,F). b, vertebral body; r, rib; sc, spinal cord; t, transverse process.
The chimeras were ®xed after another 7-days of incubation and were prepared for immunohistochemical detection of quail cells using the quail cartilage-speci®c monoclonal antibody QCR1 (Aoyama et al., 1992) (Fig. 2) .
2.1. Rostral or caudal half-somite participation in the formation of vertebrae in chick-quail chimeras.
General observations
Quail cells derived from the transplants were restricted to the operated side and hardly penetrated the opposite side very far from the midline, and host chicken cells were seldom found in the group of quail cells (Fig. 2) . Thus, the quail and the chick cells hardly intermingled with each other. However, we noticed no morphological discontinuity between the tissue constituted of quail cells and that constituted of chick cells.
To determine the distribution pattern of the derivative of the transplanted quail half-somites, we reconstructed lateral side views of the axial skeleton (see Fig. 3 for nomenclature) in the chimeric embryos from serial horizontal sections (Figs. 4 and 5) . Shadowing indicates the distribution of the quail cells. The heavy shadowed region indicates that more than half of the hemi-vertebra section consists of quail cartilaginous tissue and the light shadowed region indicates fewer quail cells. The horizontally striped region indicates that the quail cells were found in the neural arch at the base of the transverse process, but not in the distal part of transverse process.
Morphology of the chimeric vertebrae
Forms of some chimeric vertebral columns were normal while others were abnormal. Typically, a`bridge' was seen between two adjacent vertebrae, connecting the spinous process of the rostral vertebra to the neural arch of the caudal vertebra. This`bridge' appeared to be a duplicate of the vertebral arch as it had transverse processes. Thè bridge' typically contained both chick and quail cells. We found that such malformations tended to appear in one of a pair of chimeras having been grafted half-somites derived from the same somite (see Fig. 1 for production of a pair of chimera). In Fig. 4 Xr and Xc (where X A±J) are chimeric vertebral columns in the embryo transplanted with the rostral half of a quail somite (Xr) and in the embryo transplanted the caudal one from the same somite (Xc), respectively.
In A and B (Fig. 4) , the vertebral column with the graft of the caudal half of quail somite had a large`bridge' (Fig. 4Ac, Bc) , while that with the graft of the rostral half of quail somite was normal (Fig. 4Ar,Br) . In C and D (Fig. 4) , both columns had a`bridge', but one of a column pair had a very small`bridge' and the column was almost normal. In C, thè bridge' was much smaller in the column with the rostral half-somite ( Fig. 4Cr ) than in the column with the caudal half-somite (Fig. 4Cc) . Conversely, in D, the`bridge' was much larger in the column with the rostral half- (Fig. 4Dr ) than with the caudal half-somite (Fig. 4Dc ). In E±G, thè bridge' was seen in the column with the rostral half-somite ( Fig. 4Er±Gr) but not in the column with the caudal halfsomite (Fig. 4Ec±Gc ). In the remaining three pairs, both chimeric vertebral columns were abnormal (Fig. 4H±J) . Thus, in seven out of ten pairs of chimeras ( Fig. 4A±G) , abnormal`bridges' were observed complementarily.
We presumed that the appearance of such a complementary malformation depends on the cutting position along the rostrocaudal axis of a somite, as cutting a somite exactly on the same plane with no morphological marker is impossible even if the grafts are apparently the same size. To determine if this is true, we divided a quail somite unevenly in order to produce rostral and caudal parts of different size and we transplanted them into chick embryos that had been deprived of the corresponding half-somites and got a pair of chimeras. Three pairs of chimeras with the graft of the larger rostral part of quail somite and with the smaller caudal part, and four pairs of chimeras with the inverse of this combination survived. Fig. 5 shows representatives of such pairs of chimeras. Quail cells derived from the smaller somite fragment, rostral or caudal, distributed in a vertebra with normal morphology (Fig. 5Ar,Bc) , while the larger fragment of the somite participated in the formation of an abnormal vertebral column with a`bridge' (Fig. 5Ac,Br) . Thus, the malformation of the chimeric vertebral column was caused by transplanting a part larger than half a somite.
The malformation may have been caused by rotating the graft around the rostrocaudal axis. However, this is not likely because chimeric vertebral columns with normal morphology appeared (Fig. 4Ar ,Br) even when we transplanted left half-somites into the right side in three pairs of chimeras (Fig. 4A ,B,H) in which the dorsoventral and medio-lateral axis of the transplanted half-somite did not match with that of the host somite. . Right lateral side view of the vertebral columns of 9-day chimeric embryos transplanted with the quail rostral or caudal half-somite, with the distribution of quail cells shown by shadowing. In the chimeras the rostral (Ar±Jr) and caudal (Ac±Jc) half-somites of the chick embryo had been replaced with those of quail embryos at 2 days of incubation as shown in Fig. 1 . Three-dimensional reconstructions from a series of sequential frontal sections (see Section 4) (representatives are shown in Fig. 2 ). The heavy shadow shows the region where the quail cells occupy more than half of the hemivertebra on the operated side and the light shadow shows for the region where quail cells are fewer than host chick cells. The area within the horizontal hatched line is the base of the transverse process occupied by quail cells but the transverse process itself does not contain quail cells. We isolated a single newly formed somite from the quail embryo and cut it into rostral and caudal halves. Each half-somite was transplanted into a chick embryo. Xr and Xc (X A±J) are such pairs of chimeras with the rostral half-somite (Xr) or the caudal half-somite (Xc) from the same somite. Orientations are indicated by two-headed arrows with R, C, D and V for rostral, caudal, dorsal and ventral, respectively. Bar: 1 mm.
Development of the rostral/caudal half-somite in the formation of a chimeric vertebra
Our ®ndings on the malformation of vertebrae in the chimeras suggest that a boundary exists perpendicular to the rostrocaudal axis in a somite and that if the graft includes this boundary, the resultant chimeric vertebrae have à bridge'. That is, both halves of a somite would have given rise to normal chimeric vertebra if we had cut a somite exactly at this rostrocaudal boundary. But only one half of a somite cut at the approximate equatorial plane gave rise to a normal vertebra in the chimera, suggesting that this boundary should be very close to the equatorial plane, and that the derivatives from the half-somite in the vertebrae with normal morphology can be said to indicate its approximate fate. Therefore, we tried to determine the assignment of the fate of the rostral and the caudal half-somites from chimeric vertebral columns with normal morphology.
In three normal chimeric vertebrae with the grafts of the rostral halves of quail somites (Fig. 4Ar±Cr) , quail cells occupied the caudal half of the vertebral body, the caudal half of the lamina of the neural arch (Fig. 4Ar±Cr) , and the entire spinous process, with only a small part made up of host chick cells at its caudal edge (Fig. 4Ar) or at its rostral edge (Fig. 4Br) . In one case, the caudal half of the whole neural arch (Fig. 4Br ) was made up of quail cells. The quail cells did not distribute in the rostral half of the body nor in the transverse process, even if its base was composed of quail cells (Fig. 4Br) .
These distribution patterns of quail cells suggest that the rostral half-somite gave rise to the caudal half of the vertebral body, the caudal half of the lamina and the entire spinous process, and that it formed only the caudal margin of the neural arch at the base of the transverse process (Fig. 7) .
Examination of the abnormal cases (Fig. 4Dr±Jr) showed that the distribution pattern of quail cells in the abnormal vertebral column coincided with the fate of the rostral halfsomite deduced from the chimeric column with normal morphology.
To determine the assignment of the fate of the caudal half of the somite, we analyzed four almost normal chimeric vertebral columns (Fig. 4Dc±Gc) . In all four chimeras, the rostral half of the vertebral body, the transverse process and the neural arch at its base, the rostral half of the lamina and the rostral half of the spinous process were derived from Fig. 5 . Right lateral side view of the vertebral columns of 9-day chimeric embryos transplanted with a somite part evidently larger or smaller than a half, with the distribution of quail cells shown by shadowing. Reconstitution from a series of sequential frontal sections (see Section 4). We cut a newly formed quail somite into two clearly uneven parts perpendicular to the rostrocaudal axis. Each part was transplanted into a chicken embryo. When both such chimeric embryos survived for seven days after the operation, they were further analyzed. A representative pair for each type of experiment is shown, in which the rostral half-somite was smaller than the caudal (Ar,Ac) and vice versa (Br,Bc). Each pair of embryos (Ar and Ac, Br and Bc) shared somite halves derived from the same somite. Orientations are indicated by two-headed arrows with R, C, D and V for rostral, caudal, dorsal and ventral, respectively. Illustrations were reconstructed from a series of sequential frontal sections. Bar: 1 mm.
transplanted quail cells. The entire neural arch, except for the caudal half of the lamina was derived from the graft, however, in two cases (Fig. 4Ec ,Gc) a small part of the rostral edge of the neural arch was made up of the host chick cells. What occurred in these two cases was the same as what occurred in the case of the chimeras with the graft of caudal part of a somite that was smaller than a half-somite (Fig. 5Bc) .
The derivatives of the caudal half-somites were thus consistently distributed in the rostral half of the vertebral body, the vertebral arch except for the caudal half of the lamina, the transverse process and the rostral half of the spinous process (Fig. 7) . Such an assignment of the fate of the caudal half-somite was consistent in the six chimeras with abnormal morphology (Fig. 4Ac ,Bc,Cc,Hc,Ic,Jc).
Thus, the contribution of the rostral and the caudal halfsomites in forming a vertebra were complementary, except in the rostral half of the spinous process (Fig. 7) . We discuss later this apparent dual origin of the rostral half of the spinous process.
Rostral and caudal half-somite participation in the formation of the ribs in chick-quail chimeras.
To pursue the development of a half-somite in the formation of ribs, ten pairs of chimeras were analyzed. These were the same chimeras that had been used for the above investigation on vertebrae formation. Fig. 6A±C shows representative chimeras where the distribution of the quail cells is indicated by shadowing. Although, the chimeric ribs, especially their distal parts, were often duplicated, the distribution pattern of quail cells along the proximo-distal axis of the chimeric ribs was consistent as follows. The caudal halfsomite gave rise to the entire rib in all the cases we examined (see Fig. 6Ar±Cr ), while the derivative of the rostral half-somite was only in the part of the rib distal to the tuberculum in seven cases out of ten as shown in Fig.  6Ac ,Bc. These ®ndings suggest that the proximal rib was derived exclusively from the caudal half-somite and the distal rib from both halves (Fig. 7) . However, in the three other cases, of which Fig. 6Cr shows a representative, part of the proximal rib was derived from the rostral half-somite transplant as was the distal rib. These remaining three were cases where the rostral part of a somite was thought to be larger than the caudal part, because the rostral part formed part of the proximal rib when the rostral graft was much larger than the caudal part ( Fig. 6Dr ; D shows the ribs of the same pair of chimeras as in Fig. 5B ).
Sometimes duplication of the chimeric ribs took place and formed a mirror image, judging from the direction of uncinate processes that project caudally from a normal rib (Fig. 6Bc ,Cc,Cr).
We could not ®nd any correlation between the appearance of duplicated ribs with a mirror image and the malformation Fig. 6 . Distribution of quail cells in the ribs of 9-day chimeric embryos, in which the rostral (Ar±Dr) and the caudal (Ac±Dc) half-somite in chick embryos had been replaced with half-somite (A±C) or larger than half-(Dr) and smaller than half-somite (Dc) of quail embryos at 2 days of incubation. Each pair of embryos was grafted somite halves derived from the same somite. (A±C) are three representative pairs out of ten pairs of chimera with quail half-somite grafts. Right lateral view reconstituted from a series of sequential frontal sections (see Section 4). Orientations are indicated by two-headed arrows with R, C, D and V for rostral, caudal, dorsal and ventral, respectively. In seven out of ten pairs examined, the proximal rib was derived exclusively from the caudal half somite (A,B). In only three pairs was the proximal rib derived in part from the rostral half somite (C); in these cases the graft as the rostral half somite should contain a part of the caudal half somite, as duplicated vertebral arches formed. In fact, the chimera Dr contain quail cells in its proximal rib, which were grafted with a rostral part of a somite larger than half. (A±D) in this ®gure are the same pairs of chimeras shown in Figs. 4F,A,G and 5B, respectively. Bar 1 mm. of the vertebral column or the type of transplantation (Table  1) . Both the duplication of ribs with a mirror image and ribs with normal orientated uncinate processes were observed in chimeras with both a normal vertebral column and with an abnormal vertebral column. Both ipsilateral transplantation (seven pairs) and contralateral transplantation (three pairs) of a half-somite resulted in both mirror and normal duplicated ribs.
Discussion

Resegmentation of the sclerotomes and morphogenesis of the axial skeleton
The chick-quail half-somite chimeras of this study showed that the rostral half-somite gave rise to the caudal half of the vertebral body and the caudal half-somite gave rise to the rostral half of the body (Fig. 7) , suggesting the vertebral body is formed by resegmentation and fusion of the resultant half-sclerotomes derived from two adjacent somites (Fig. 8) .
The vertebral arch is derived mostly from the caudal half of a somite (Fig. 7) , coinciding with the ®nding that the pedicle of the vertebral arch is for the most part continuous when multiple quail caudal half-somites are grafted into chick embryos, and is virtually absent when multiple rostral half-somites are grafted (Goldstein and Kalcheim, 1992) . These ®ndings suggest that, in the lateral part of the sclerotome, the rostral half is lost after resegmentation (Fig. 8B) . Cell death in the rostral half sclerotome appeared to occur in the lateral part of the sclerotome according to such descriptions as`primarily distributed to the caudal side of the intrasclerotomal ®ssure' (Sanders, 1997) . Alternatively the rostral half-sclerotomal cells may be expelled by the neural crest cells migrating between the rostral half-somite and the neural tube and forming the dorsal root ganglion (Rickmann et al., 1985; Aoyama and Asamoto, 1988; Asamoto et al., 1990) .
The formation of the spinous process is confusing. The rostral half-somite gave rise to the entire spinous process, while the caudal half gave rise to only the rostral half. The following two explanations are plausible. The rostral half of the spinous process may be composed of cells from both half-somites (Fig. 8C) . However, this seems unlikely to be the case, because mixing of quail cells and host chick cells was hardly seen in this part of the chimeric vertebra. Alternatively, the quail cells of the rostral half-somite may occupy a larger part of the process in a chimeric embryo than in normal embryo, by pushing away the host chick cells derived from caudal half-somite. In normal development, the rostral half-somite cells might be restricted to the caudal half of the spinous process by the presence of the caudal half-somite cells (Fig. 8D) , as claimed by Huang et al. (1996) who transplanted a somite giving rise to the caudal half and the rostral half of two adjacent spinous processes. Quail somite cells penetrated the host tissue more than chick cells when they were transplanted reciprocally to form chimeras (Beresford, 1983) . Although we could not determine which is true, such ambiguous results might be caused by different developmental mechanism of the spinous process from other parts of the vertebra. The spinous process develops depending on the dorsal part of the neural tube (Takahashi et al., 1992; Watanabe et al., 1998) .
Thus, resegmentation of a somite apparently occurs to form a vertebra, except for the spinous process. It may be true that literal resegmentation, that is, morphological resegmentation, does not occur as claimed by Verbout (1976 Verbout ( , 1985 , but in terms of developmental fate, a somite is comprised of two components with a strict boundary around the equatorial plane, which is suggested by the malformation in the chimera with the graft larger than half a somite as discussed later. Nevertheless, the way the body and the arch develop after resegmentation is different and is consistent with the results of Baur (1969) , Verbout (1985) , Dalgleish (1985) , and . a The rostral or the caudal half-somite was transplanted ipsilaterally (from right to right) or contralaterally (from left to right). M, ribs duplicated in a mirror image; N, ribs duplicated with normal orientation; Ð, no orientation of duplicated ribs could be determined. Note that the orientation of duplicated ribs could only be detected when they had an uncinate process. Fig. 7 . Summary of the distribution pattern of the quail half-somite cells participating in the formation of the vertebra and the rib after the transplantation into chick embryo. The derivatives of the rostral and the caudal halfsomite are colored green and blue, respectively. Right lateral view. Orientations are indicated by two-headed arrows with R, C, D and V for rostral, caudal, dorsal and ventral, respectively.
Fate of the rostral and the caudal half-somite in morphogenesis of the ribs
This study showed that the caudal half-somite gave rise to the entire rib, while the rostral half-somite formed only the distal part of the rib (Fig. 7) , suggesting that the proximal rib is derived from the caudal half-somite, while the distal rib is derived from both the rostral and the caudal half-somite. Resegmentation of a somite appears to occur in the rib formation also. In the formation of the distal rib, the cells derived from both half-somites may mix (Fig. 8C) or separate (Fig. 8D) as in the case of the spinous process. However, Huang et al. (1996) showed that transplants of a somite gave rise to the caudal half and the rostral half of two adjacent ribs, which appears to support separation of the derivative of two halves of somites rather than the mixing of them. Our unpublished data transplanting three consecutive somites also supported their ®ndings.
Our previous transplantation experiment showed that the dermomyotome and/or a small amount of tissue adjacent to the dermomyotome were the origin of the distal rib (Kato and Aoyama, 1998) . If the distal rib originates from the dermomyotome itself, does the dermomyotome resegment?
Our extirpation experiments suggested that the rostral and/or caudal edge of the dermomyotome may be the origin of the distal vertebral rib and that the sternal rib was of lateral edge origin (Kato and Aoyama, 1998) . Recently, Huang et al. (2000) argued that the distal rib was not derived from the dermomyotome but from the sclerotome based on their experiment transplanting the dermomyotome and the sclerotome. Their dermomyotome isolated for the transplantation could have been smaller than ours, because they transplanted a single dermomyotome while we did three consecutive ones. Moreover, there is no de®nition of the boundary between the dermomyotome and the sclerotome. Putting all this together, the origin of the distal rib is suggested to be the edge of dermomyotome and/or its vicinity. Consequently, our ®nding of this study that the distal rib is derived from both the rostral and the caudal halfsomite suggests that the distal vertebral rib is formed by fusing derivatives from around the caudal edge of a dermomyotome and the rostral edge of a caudally adjacent dermomyotome and that the sternal rib is formed by derivatives from around the lateral edges of two adjacent dermomyotomes (Fig. 8C or D) . This implies that even if the distal rib originates from the dermomyotome itself, it is not necessary to postulate the resegmentation of the dermomyotome, which has never been seen.
In contrast, the proximal rib is derived from the sclerotome and our results of this study showed that only the Fig. 8 . Two possible ways in which the axial skeleton develops from the somite. A somite differentiates into the sclerotome and the dermomyotome (A). The sclerotome cells migrate around the notochord to form a continuous perichondrium, the anlage of the vertebral body, maintaining their rostral (green) and caudal (blue) sclerotomal origin (B±D). Lateral to the neural tube, the rostral sclerotome (green) cells are replaced with neural crest cells that form the dorsal root ganglia, while the caudal ones (blue) remain to form the vertebral arch (B±D). Dorsal to the neural tube, both half-somites participate to form the spinous process. The cells from the rostral half-somite (green) may mix with those of the caudal one (blue) (C) to form the rostral part of the spinous process. Alternatively, the rostral sclerotomal cells (green) and the caudal ones (blue) may form separately the caudal part of the spinous process and the rostral part of it, respectively (D). The proximal rib is derived from the caudal half-sclerotome (blue), while the distal rib is from the dermomyotome and/or its vicinity (A±D; shadowing; Kato and Aoyama, 1998; Huang et al., 2000) . In this part also, the cells derived from both half-somites may mix (C) or separate (D). Right lateral view. Orientations are indicated by two-headed arrows with R, C, D and V for rostral, caudal, dorsal and ventral, respectively. caudal half-somite was its origin as well as the transverse process and the neural arch connecting it. These ®ndings are consistent with the data from studies on the mice with mutations in the genes that express in the caudal half sclerotomes. In Pax1 mutant (Koseki et al., 1993) and Uncx4.1 knock out mouse (Leitges et al., 2000; Mansouri et al., 2000) , the proximal rib, the pedicles and the transverse process were lacking concomitant with abnormal development of the caudal half sclerotome. These ®ndings suggest that the proximal rib form in the same way as the vertebral arch with the transverse process. After resegmentation of sclerotome, the rostral sclerotome may be lost in its lateral part and remaining caudal sclerotome give rise to the proximal rib as well as the arch and the transverse process. Huang et al. (1994 Huang et al. ( , 1996 claimed that the proximal rib was derived from somitocoele cells, which does not seem consistent with our ®ndings. They transplanted all somitocoele cells that included both the rostral and caudal halfsomites in our present study, and their derivatives were shown to form the proximal rib, but we showed that the rostral half of the somite did not form the proximal rib. Interestingly, Huang et al. (1996) described that the somitocoele cells become integrated in the caudal half of the sclerotome. The derivatives of the rostral half-somitocoele cells might be lost, for example, by cell death during development. To resolve this discrepancy, we will have to trace the development of the cells from the rostral half-somitocoele cells.
Malformation caused by half-somite transplantation
We explained that abnormal morphogenesis of vertebrae was caused by the transplantation of a half-somite that contained the boundary for resegmentation. Here we have to postulate that such a malformation may not depend on the host half-somite remaining in situ, but rather on the nature of the transplanted quail half-somite itself. This seems strange, because it is unlikely that the host chick somite was cut accurately at the resegmentation site. The transplanted quail cells might develop predominantly over the host chick cells in the chimera, as in the case of the chimeric limb muscles shown by the reciprocal transplantation of chick and quail somites (Beresford, 1983) . Therefore the malformation caused by the fragment of a somite left in the host might be too little to detect. Alternatively, we might always happen to remove more than half-somite from the host embryos. In this case, the remaining somite fragment will be smaller than the half-somite and would develop normally as in the case of the graft smaller than the half-somite.
The mechanism of duplication of the distal rib derived from the transplants is unknown. However, duplication in a mirror image might be the result of regeneration in a way to intercalate the gap (French et al., 1976) between the host and the graft somite part.
Materials and methods
Embryos
Fertilized White Leghorn chick and Japanese quail eggs were purchased from local farms and were incubated at 378C in a humidi®ed incubator.
Isolation of half-somites from quail embryos
Quail embryos at the 21±25 somite stage were peeled from the yolk and were rinsed with Tyrode's solution. Part of the embryo including the most caudal somites was dissected and was treated with 500 IU/ml Dispase (Godo shusei) in Dulbecco's modi®ed Eagle's MEM (Nissui) (DMEM) at room temperature for 15±30 min. The most caudal newly formed somites at the thoracic level were cut transversally through the equatorial plane perpendicular to the rostrocaudal axis using a sharpened tungsten needle. Some somites were cut in transverse section rostral or caudal to the equatorial plane to yield pairs of somite parts divided unevenly. The rostral and the caudal half of a somite were isolated and were kept in a drop of DMEM supplemented with 10% fetal calf serum (Gibco) at room temperature until transplantation into chick embryos.
Transplantation of half-somites into chick embryos
Chick embryos at the 17±24 somite stage were operated on in ovo as described by Aoyama and Asamoto (1988) . The most caudal somite was separated from the neural tube and the overlying ectoderm using a micro-scalpel. After the rostral or the caudal half of a somite from a host chick embryo had been removed by sucking with a glass capillary, the corresponding quail half-somite was transplanted into this space keeping its original rostrocaudal axis. Thus, the thoracic half-somites were transplanted into the thoracic level of chick embryos, except in one case in which the graft was at the 17th somite level, that is the cervical level.
Immunohistochemistry to detect quail cells in the chimeras
Seven days after the operation the chick-quail chimeric embryos were ®xed with Carnoy's ®xative. After dehydrating through an ethanol series, the embryos were embedded in paraf®n to prepare 7-mm serial sections. The quail cells in the chimeras were detected immunohistochemically using the quail cartilage speci®c monoclonal antibody QCR1 (Aoyama et al., 1992) , as described by Aoyama et al. (1992) . Brie¯y, deparaf®nized sections were incubated with the supernatant of the QCR1 cell culture medium and after rinsing with saline they were incubated with horseradish peroxidase (HRP) conjugated anti-mouse IgG(H 1 L) antibody (BioRad). HRP activity was visualized by diaminobenzidine (DAB) reaction.
Morphological analysis of the distribution of quail cells in the chimeras
Outlines of vertebrae and ribs and the area of quail cells derived from the grafts were traced at 60 magni®cations on translucent tracing paper for every ®fth section of the 7-mm serial frontal sections using a camera lucida. A lateral side view of the chimeric skeleton was manually reconstructed by connecting consecutively the traces (Figs. 3±6) . First, every third trace was superimposed one after another on a transilluminator to construct the vertebral column and ribs, referring to the other traces, and then holes were bored using a gimlet to mark the superimposed points. Then, lateral side views of these traces of frontal sections were projected as lines at 6-mm intervals (7 mm £ 5 £ 3 £ 60 6:3 mm). Finally, corresponding points of the projections of traces were connected to draw the lateral side view of the vertebral column and ribs showing the distribution of quail cells.
Note added in proof
While the manuscript was being reviewed, Huang et al. (Huang, R. , Zhi, Q., Brand-Saberi, B., Christ, B., 2000. New experimental evidence for somite resegmentation. Anat. Embryol. 202, 195±200.) reported the con®rmation of the resegmentation theory by transplanting one and one-half quail somite to a chick embryo.
